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ABSTRACT Sterol synergism as previously observed [Dahl,
C. E., Dahl, J. S. & Bloch, K. (1980) Biochemistry 19, 1462-1467]
and defined as a greater-than-additive growth response to pairs
of sterols by Mycoplasma capricolum [Dahl, J. S., Dahl, C. E. &
Bloch, K. (1981) J. BioL Chem. 256, 87-91] is now demonstrated
in the yeast mutant GL7, which is auxotrophic for sterol and un-
saturated fatty acid. Mutant cells growing poorly when provided
with cholesterol and oleic acid respond to ergosterol supplements
(ergosterol-to-cholesterol ratio, 1:3) by a pronounced increase in
growth rates and cell yields. Stigmasterol also elicits a significant
synergistic effect, and 7-dehydrocholesterol, a smaller one. Evi-
dence for a metabolic role of ergosterol in yeast membranes is
presented. Cells raised on a 1:3 mixture of ergosterol to choles-
terol up to midlogarithmic phase subsequently incorporate [1-
'4C]oleic acid at significantly faster rates into phospholipids than
do cells grown on cholesterol alone.

In a series of reports, we have described a phenomenon termed
"sterol synergism" on the basis of the following observations.
The sterol auxotroph Mycoplasma capricolum grows optimally
on cholesterol but only poorly on lanosterol (1, 2). Bacterial cells
supplied simultaneously with two sterols, cholesterol in limiting
and lanosterol in nonlimiting quantities, grow much more rap-
idly and with higher yields than do cells receiving cholesterol
or lanosterol alone (3). The response is synergistic, not additive.
These findings were taken to indicate more than one function
for sterols in membranes, and supporting evidence has been
published (4). Here we describe a similar phenomenon for an
eukaryotic cell, the yeast mutant GL7, chosen because it has
an absolute sterol requirement for growth (5).

In designing the present experiments, we took advantage of
the facts that (i) GL7, a mutant deficient in both squalene epox-
ide cyclase and heme synthesis (5), grows optimally when sup-
plied with ergosterol and one of a variety of mono- or polyun-
saturated fatty acids, but (ii) cholesterol, a sterol foreign to yeast,
replaces ergosterol effectively only when either linoleate or a
mixture of palmitoleate and oleate serves as the external fatty
acid source. When oleate is the only fatty acid supplied, growth
on cholesterol is much slower than on ergosterol (6). We now
find that under these latter conditions, ergosterol in amounts
too small to elicit detectable growth by itself raises the growth
rate of GL7 cells by a large factor.
We also note that the sterol requirement for GL7 is remark-

ably small. Grown on a nearly optimal supply of ergosterol,
these cells contain about 10% of the total sterol that wild-type
yeast normally produces. Spheroplasts of GL7 cells grown on
different sterol concentrations or "synergistic" sterol mixtures
were fractionated, and subcellular membrane fractions were
analyzed for their relative sterol and phospholipid content. Fi-
nally, we report that mutant cells raised on ergosterol/cho-
lesterol show an enhanced capacity to incorporate external oleic

acid into cellular phospholipids. This finding is in keeping with
a specific role for sterols in lipid biosynthesis as first proposed
and documented in the course of studies with M. capricolum
(4).

EXPERIMENTAL PROCEDURES
Materials and Methods. Saccharomyces cerevisiae strain

GL7 (erg 12 heme 3) was kindly supplied by D. B. Sprinson.
The mutant was grown on a synthetic minimal medium sup-
plemented with methionine (5). Sterols (dissolved in Brij 58/
ethanol, 1:4, wt/wt) were added to the medium in the con-
centrations indicated. Oleic acid (included in the sterol/Brij 58
solutions) was added to the medium to a final concentration of
50 ,ug/ml. Cultures were grown aerobically with shaking at
300C, and growth was monitored by measuring absorbances at
540 nm. For routine experiments, starter cultures were grown
on medium containing 1 Ag of ergosterol per ml. Logarithmic-
phase cells were centrifuged and washed twice with minimal
medium, and the cell suspensions were diluted into fresh me-
dium (1:500) containing the various sterol supplements.

Ergosterol, 7-dehydrocholesterol, cholesterol, and stigma-
sterol (Sigma) were recrystallized from ethanol and acetone be-
fore use. Brij 58, DNase, oligomycin, f3-glucuronidase, oleic
acid, concanavalin A, Tergitol NP-40, and bovine serum albu-
min were obtained from Sigma. Renografin was a product of
Squibb. [1-_4C]Oleic acid was purchased from New England
Nuclear.

Preparation of Spheroplasts and Plasma Membranes.
Three-liter cultures ofGL7 supplemented with sterol and oleic
acid were grown to midlogarithmic phase and harvested. Yeast
spheroplasts were obtained by treatment with snail f-glucu-
ronidase as described by Cabib (7). Plasma membranes were
separated by the method of Duran et aL (8), following the di-
rections of R. Reynolds in this laboratory. Spheroplasts were
suspended in 50mM Tris buffer, pH 7.5/0.8M sorbitol/10mM
MgSO4, centrifuged, washed twice, and finally resuspended
(1 ml/g of wet weight) with the same buffer throughout. For
every milliliter of spheroplast suspension, 15 ml of buffer con-
taining 0.3 mg of concanavalin A per ml was then added. After
standing for 10-15 min at room temperature, spheroplasts were
centrifuged at 2°C for 1 min in a desk-top clinical centrifuge.
The pellet was resuspended in buffer containing 10 mM Tris,
5 mM MgSO4, 0.6 mM p-phenylmethylsulfonyl fluoride, and
DNase (8.5 mg for every 0.5 ml of original suspension). The
spheroplasts were then disrupted with a Dounce homogenizer
at 0°C, incubated for 15-20 min at 30°C, and stored on ice until
further use. Continuous 10-ml gradients ofRenografin, ranging
from 5.8% (top) to 50% (bottom) mixed with 20 mM Tris (pH
7.5) were prepared for density gradient centrifugation. Sphero-
plast lysate (3 ml) was layered gently on top of each gradient and
centrifuged in a SW 41 rotor for 1 hr at 27,000 rpm. The plasma
membrane band was collected separately, whereas all of the others
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were combined. The two fractions were diluted 1:10 with 5mM
Tris, pH 7.5/2 mM MgSO4 and centrifuged for 30 min in a 40
rotor at 30,000 rpm.

For ascertaining the purity of plasma membranes, a-man-
nosidase (9), NADPH-cytochrome c-oxidoreductase (10), oli-
gomycin-sensitive ATPase (11), or succinic dehydrogenase (12)
were used as enzyme markers. Their absence ruled out con-
tamination by vacuoles, microsomal membranes, and mito-
chondria, respectively.

Sterol and Phospholipid Concentration. Membrane lipids
were extracted by the method of Bligh and Dyer (13). Samples
in 1 vol of buffer were mixed with 1.25 vol of chloroform and
2.5 vol of methanol and allowed to stand for 1 hr; 1 vol of chlo-
roform was added, and the mixture was vortexed. After the two
phases had separated, the bottom layer was withdrawn for lipid
analysis.

For phospholipid determination, phosphate analyses were
done by the method of Chen et aL (14).

For sterol analysis, membranes were saponified by heating
with 20% potassium hydroxide in 90% methanol at 70'C for 1
hr. Nonsaponifiable lipids were extracted with petroleum
ether, dried, dissolved in chloroform, and analyzed on a Perkin-
Elmer model 900 gas chromatograph with a Supelco column of
3% SP-2100 on 100/120 Supelcoport at 260'C.

Determination of Sterol and Phospholipid Content in Whole
Cells. Cells harvested in logarithmic phase were washed twice
with water and lyophilized. The lyophilized powder was re-
fluxed with methanol for 1 hr, and then 2 vol ofchloroform was
added. The mixture was vortexed and left overnight at 40C. The
chloroform layer was collected, washed twice with 0.1 M KCl,
and evaporated to dryness. The sample was then dissolved in
a known volume of chloroform and divided into two portions,
and sterol and phospholipid analyses were performed as de-
scribed above. Sterol mol percentages were calculated from the
amounts of sterol and phospholipid present.

Protein Analyses. The method of Lowry et aL (15) was used
with bovine serum albumin as standard.

Uptake of [1-'4C]Oleic Acid and Incorporation into Phos-
pholipids. GL7 cultured either in cholesterol (0.3 ug/ml) or
cholesterol (0.3 ,ug/ml)/ergosterol (0.1 ,g/ml) were grown to
midlogarithmic phase (40 hr). The cells were centrifuged,
washed twice with minimal medium, and added to fresh me-
dium to a final absorbance of 0.4 at 540 nm (1.4-1.5 mg of pro-
tein/ml). The medium contained 40 .LM [1-'4C]oleic acid (1.25
,uCi/,tmol; 1 Ci = 3.7 X 1010 Bq) dissolved in Brij 58/ethanol,
1:4 (wt/wt). The cell suspensions were incubated at 30°C. For
determining [1-'4C]oleate uptake, cell samples (0.5 ml) were
removed at 10-min intervals, collected on 0.45-,Lm Millipore
filters, and then washed with 20 ml of minimal medium con-
taining 0.5% Tergitol. For measuring radioactivity, filters were
transferred to scintillation vials and dried at 100°C for 1 min,
and scintillation fluid (12 ml; Scint A, United Technologies,
Packard) was added. To determine fatty acid incorporation into
phospholipid, cell samples (1 ml) were taken out at 10-min in-
tervals and added to 4 ml of chloroform/methanol, 1:1 (vol/
vol). The organic layer was washed with 2 ml of chloroform/
methanol/water, 3:48:47 (vol/vol), applied to silica gel TLC
plates (Baker), and developed in chloroform/methanol/ace-
tone/acetic acid/water, 60:10:20:10:5 (vol/vol). The various
phospholipid fractions were identified by comparison with si-
multaneously run authentic phospholipids. Radioactive samples
were transferred to scintillation vials and assayed.

RESULTS AND DISCUSSION
We first attempted to demonstrate sterol synergism in wild-
type yeast maintained anaerobically. Under these conditions,

yeast has an absolute requirement for sterol (16). In such ex-
periments, slight growth was observed with supplements of
lanosterol (8 ,Rg/ml). Ergosterol in trace quantities (0.04 tg/
ml) stimulated growth several fold (M. Sobus, this laboratory,
personal communication). However, the results were variable,
presumably because strictly anaerobic growth conditions could
not be established consistently. Nevertheless, these experi-
ments provided the first, if tenuous, evidence that the phe-
nomenon of sterol synergism (4, 5) is not restricted to myco-
plasma.
The yeast mutant GL7, a sterol auxotroph both aerobically

(5) and anaerobically (17), proved to be more suitable for our
purposes. In media containing oleate as the source of unsatu-
rated fatty acid, the minimal concentrations ofsingle sterols that
afforded nearly optimal growth after 50 hr were either 0.3 tug
of ergosterol or 1 Ag of cholesterol per ml, with mass doubling
times of5 and 5.5 hr, respectively (Table 1). Growth was barely
detectable (AW nm' <0.02) with 0.1 Ag ofergosterol per ml and
minimal with 0.3 Ag ofcholesterol per ml. However, when cul-
tures were supplied with both 0.3 Ag of cholesterol and 0.1 pug
of ergosterol per ml (synergistic sterol mixture), the growth
rates and final absorbances rose dramatically. A typical exper-
iment is shown in Fig. 1. The absorbances after 50 hr were at
least 5 times greater than the sum of those obtained with the
two sterols individually at these concentrations. Doubling times
were sharply reduced, from 12 hr for 0.3 jig of cholesterol per
ml to 5 hr for cultures supplied with the synergistic sterol mix-
ture. Similar though less-striking effects were obtained by sup-
plementing cholesterol (0.5 ,ug/ml) with ergosterol (0.1 or 0.05
,ug/ml) (data not shown). Thus, the yeast mutant responds to
pairs ofsterols in the same synergistic manner as M. capricolum
(4). What distinguishes the two sterol auxotrophs are their sterol
specificities. Yeast normally synthesizes the 24-methylcholes-
tane derivative ergosterol. Cholesterol itself is foreign to the
yeast cell. Therefore, it is the sterol that is indigenous to the
species which, in subminimal amounts, promotes or stimulates
yeast growth on nonlimiting quantities of a less-efficient sterol
analogue. Mycoplasmas are natural sterol auxotrophs, not ar-
tificial mutants. In this instance, therefore, it is not appropriate
to refer to sterols as being either natural or foreign except that,
for mycoplasma strains such as M. capricolum, animal tissues
containing cholesterol provide the natural habitat. For these
cells, cholesterol may have become "natural" by adaptation. It
functions in mycoplasma cells as the synergistic component, as
does ergosterol in yeast.
We have shown (6) that the superior promotion of yeast

growth by ergosterol is shared to a large extent by stigmasterol

Table 1. Efficiencies of ergosterol and cholesterol as growth
supplements for the yeast mutant GL7

Sterol added,
pg/mi

Ergosterol
10.0
1.0
0.5
0.3
0.1

Cholesterol
10.0
5.0
1.0
0.5
0.3
0.1

A540
after 50 hr

1.38
1.20
0.95
0.86
0.02

1.05
1.03
0.88
0.12
0.08

Mass doubling
time, hr

3
4
4.5
5

5
5
5.5
8.5
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FIG. 1. Growth rates of GL7 on media supplemented with various
sterols or sterol mixtures (pg/mi). A, Ergosterol (0.1), stigmasterol (0.1),
or 7-dehydrocholesterol (0.1); n, cholesterol (0.3); *, cholesterol (0.3)
and 7-dehydrocholesterol (0.1); *, cholesterol (0.3) and stigmasterol (0.1);
A, cholesterol (0.3) and ergosterol (0.1); o, ergosterol (0.5).

and 0-sitosterol, sterols that also have an alkylated side chain.
The growth response to 7-dehydrocholesterol and the effect of
this sterol on membrane phospholipid composition did not dif-
fer significantly, however, from the results obtained with cho-
lesterol (6). Clearly, it is the alkyl group in the sterol side chain
and not the 5,7-diene system in ring B that renders ergosterol
functionally optimal for yeast. In the assay of GL7 cell growth
for sterol synergism, the plant sterol stigmasterol was also ac-

tive, though less so than ergosterol (Fig. 1). The smallest though
still significant synergistic effect was shown by 7-dehydrocho-
lesterol. From this admittedly incomplete specificity analysis,
we conclude that all three structural features typical for the
principal sterols of yeast and fungi-the methyl group at C24,
the side-chain double bond, and the 5,7-diene system of ring
B-contribute to make ergosterol optimally efficient for the
cells that synthesize it. (The lesser efficiency ofstigmasterol can
be attributed to the absence of one of these features, the A7
double bond; and the relatively poor performance of 7-dehy-
drocholesterol can be attributed to the absence ofboth the A22-
double bond and the alkyl group in the side chain.)

The experiments we report here suggest that the molecular
basis ofthe synergistic effect in the yeast mutant may be similar
to that described in experiments with M. capricolum (4). Cells
of the bacterial sterol auxotroph grown on a synergistic mixture
of cholesterol and lanosterol (1:20) were found to incorporate
oleate more efficiently into phosphatidylglycerol than did cells
raised on lanosterol alone. In analogous experiments with GL7,
cells grown on 1:3 ergosterol/cholesterol were harvested in
midlogarithmic phase and then suspended in a resting medium
containing [1-'4C]oleate. Such cells take up [1-'4C]oleate sig-
nificantly faster than do cells grown on cholesterol alone. Large,
ergosterol-stimulated increases were found in all individual
phospholipids (Fig. 2). The ergosterol effects were especially
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FIG. 2. Rate of oleate incorporation into phosphatidylinositol (-,
A), phosphatidylcholine (a, 0), phosphatidylethanolamine (in, n), and

phosphatidylserine (., c>) by cells cultured on cholesterol (0.3 ,ug/ml)/
ergosterol (0.1 j.&g/ml) ( ) or on cholesterol (0.3 ,utg/ml) alone

evident in phosphatidyicholine and phosphatidylinositol, the

two phospholipids that account for the bulk of the oleate-de-

rived radioactivity. Under the conditions chosen, oleate incor-

poration into phosphatidylethanolamine and phosphatidylser-

ine was much slower, but in these instances the response to

ergosterol was equally marked. Data showing the ergosterol

effect on the rate of synthesis of individual phospholipids, mea-

sured 20 mmn after the [1-'4C]oleate pulse, are given in Table

2.

Yeast, in contrast to mycoplasmas, contains more than one

organellar membrane. Therefore, it will be of interest to de-

termine whether ergosterol promotes the formation of phos-

pholipids generally or only in selected membranes.

In the present experiments, the quantifies of sterol found

necessary for close to optimal growth of GL7 were more than

1 order of magnitude lower than those used in earlier studies

either with anaerobic wild-type yeast (18) or with the yeast

mutant GL7 (19). For example, GL7 cells raised on a limiting

sterol supply (e.g., 1 ,utg of ergosterol per ml) contained as little

as 0.04% total sterol on a dry-weight basis or about one order

of magnitude less than the amounts of ergosterol produced by

Table 2. Synergistic effect of ergosterol on cellular [1-'4C]oleate
uptake and phospholipid synthesis in the yeast mutant GL7

A/B*
Total cells 1.33
Total phospholipidt 1.5
Phosphatidylcholine 1.5
Phosphatidylinositol 1.4
Phosphatidylserine 2.7
Phosphatidylethanolamine 3.7

* A/B represents the ratio of nmol of [1-14Cloleate per mg of protein
incorporated after 20 min into fractions from cells grown on choles-
terol (0.3 ,ug/ml)/ergosterol (0.1 pg/ml) (A) to cells grown on cho-
lesterol (0.3 pug/ml) alone (B). The ratios given represent the average
values from four identical experiments.

t The total phospholipid fraction accounts for 80-85% of [1-'4C]oleate
incorporated by the cell.
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wild-type S. cerevisiae (20). Sterol ester formation was greatly
reduced under these conditions (unpublished data). Moreover,
the minimal sterol requirement ofGL7 might be a consequence
of the multiple enzyme deficiencies of the mutant and, hence,
loss of some basic metabolic functions (e.g., respiration).
When the external ergosterol supply for GL7 was reduced

from optimal (10 ,Lg/ml) to suboptimal or marginal (0.3 Ag/
ml) (reduction of final absorbance from 1.38 to 0.86), the pro-
portion of sterol in total membrane lipids decreased to about
one-half of the values seen when the sterol supply was not lim-
iting, the sterol mole percent in the total yeast lipids declining
from =38 to 15-17% (Table 3). When membrane fractions de-
rived from GL7 protoplasts were analyzed, the plasma mem-
branes, adequately identified by means of marker enzymes,
accounted for 470% ofthe total cellular sterol, regardless ofthe
level of external supply. Other membrane fractions containing
the remainderwere not further characterized. Significantly, the
sterol mole percent found in the yeast plasma membranes was
also reduced to half or less when cells were supplied with lim-
iting amounts of ergosterol or the synergistic ergosterol/cho-
lesterol mixture. It is worth noting that in sterol-rich animal
membranes, e.g., the erythrocyte and liver plasma membranes,
the sterol content is ordinarily ofthe order of50 mol % (21, 22).
This raises the question ofwhether the much -lower sterol con-
centrations (15-20 mol %) we found in GL7 plasma membranes
under limiting conditions are adequate for fluidity control. This
physical parameter is believed to represent the principal func-
tion of membrane-associated sterol. In fact, no evidence exists
that ergosterol in yeast and cholesterol in animals function sim-
ilarly.

As the present investigation shows, the phenomenon ofsterol
synergism is not restricted to the prokaryotic M. capricolum
(3, 4). We conclude that in yeast as well as in mycoplasma, ster-
ols play an additional, not previously recognized, role as mem-
brane components. The second role is metabolic and distin-
guishable from the sterol-mediated control of the physical state
of the membrane bilayer. For activating the metabolic, mem-
brane-associated process, only a small fraction ofthe total sterol
supply is needed. It also follows that the principal or single
membrane sterol a given cell normally produces (i.e., the spe-
cies-specific sterol or the single sterol that affords optimal
growth of an auxotroph) is designed and has been selected to
serve most effectively in both control processes. Broader struc-
tural specificities are allowed for the, bulk sterol function that
has to do with the physical state of the membranes.
The distinction we make between the two categories of ste-

rols on the basis of function is not meant to be absolute.
Whereas the "natural" or specific molecule is clearly the most
effective in controlling both membrane-associated processes,
the less specific or foreign sterols (cholesterol for yeast and lano-

Table 3. Sterol composition of GL7 grown with various
sterol supplements

Sterol content, mol %
Whole Plasma All other

Sterol added, pg/ml cells membrane membranes

Ergosterol, 10 38.8 37.7 32.5
Ergosterol, 1 37.4 - -

Ergosterol, OA 14.8 14.3 8.3
Cholesterol, 0.3 18.0
Ergosterol, 0.1 plus

cholesterol, 0.3 16.8 20.6 11.6

sterol for mycoplasma) must and also do have some ability, albeit
limited, to control the sterol-dependent metabolic events. Oth-
erwise they would be totally ineffectual nutritionally for sterol
auxotrophs. In fact, the choice of sterols with the properties
described has been crucial in allowing us to detect the metabolic
component of sterol function in membranes, namely the control
of some step in the synthesis of unsaturated membrane phos-
pholipids.

Rodriguez et aL (23) have described what we believe to be
a related phenomenon but is referred to by these authors as
"sparking ofgrowth. " They show that the yeast mutant FY3 fails
to grow on highly purified cholestanol unless supplied with er-
gosterol in amounts (0.05 or 0.01 tg/ml) that by themselves do
not support growth of the mutant. The question of whether
"sterol synergism" and the "sparking" phenomenon are mani-
festations of different or identical physiological events cannot
be answered in our opinion until the mode of action of trace
sterols has been defined more clearly. Our earlier findings with
M. capricolum (4) and those presented here are steps in this
direction.

Other observations that are consistent with a dual role of ste-
rols, in yeast have been reported briefly by Nes et at (24).

The authors are indebted to Dr. Jean S. Dahl for helpful discussions.
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